Abstract. Brominated isobutyl-isoprene rubber/clay nanocomposite (BIIRCN) and ethylene-propylene-diene-monomer rubber/clay nanocomposite (EPDMCN) were prepared by melt blending. The micro-structural evolution of these two kinds of rubber/clay nanocomposites (RCNs) with vulcanization process was investigated using wide-angle X-ray diffraction (WAXD) and transmission electron microscope (TEM). The WAXD results revealed that the intercalated structure of organically modified clay (OMC) changed throughout the whole curing process. The intercalated structure kept on changing beyond the vulcanization stage of T 90 . The interlayer space of intercalated silicate in uncured BIIRCN is larger than that in uncured EPDMCN. However, the intercalated structure for EPDMCN changed by a larger extent than that for BIIRCN during the vulcanization process, and the interlayer space of the intercalated structure is larger in the cured EPDMCN than that in the cured BIIRCN. It was found that the intercalant (i.e., octadecylamine, ODA) for OMC could shorten the scorch time of the curing reaction, and increase the curing rate, which was attributed to the further intercalation during vulcanization. TEM results indicated that the spatial distribution of OMC is much better in BIIR (a polar rubber matrix) than that in EPDM (a non-polar rubber matrix). The changes in spatial dispersion structure during vulcanization for EPDMCN and BIIRCN show different trends. In conclusion, the polarity of the rubber is the determining factor influencing the evolution of both the intercalated structure and the spatial dispersion of clay during vulcanization.
Introduction
In recent years, rubber/clay nanocomposites (RCNs) have become a research focus because of their high strength, gas barrier, and flame resistance. Up to date, four processing methods, including in-situ polymerization intercalation [1] , solution intercalation [2] , melt intercalation [3] [4] [5] , and latex compounding [6] [7] [8] , have been developed for preparation of RCNs. Among them, melt compounding is the most practical method, because existing rubber processing equipment can be used and no organic solvent is needed. The dispersion state of organically modified clay (OMC) in the rubber matrix determines the final properties of the composite. There are many factors that impact the microstructure of RCNs prepared by melt compounding. Previous studies have shown that the type of intercalant [9] [10] [11] [12] , the compounding conditions (shear stress and temperature) [13, 14] , as well as the polarity of the rubber [15] have sig-
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Micro-structural evolution of rubber/clay nanocomposites with vulcanization process nificant impact on the dispersion state of OMC in the rubber matrix. In addition, significant changes in the microstructure of RCNs also occur during the curing process at high temperature and high pressure [16] [17] [18] . However, there is still some fuzziness in the mechanism and reasons for this change in clay dispersion during the curing process until now. In particular, the microstructural evolution of RCNs with the vulcanization course has not been reported. In the present work, brominated isobutyl-isoprene rubber/clay nanocomposites (BIIRCN) and ethylene propylene diene monomer rubber/clay nanocomposites (EPDMCN) were prepared by melt intercalation, and the evolution of both intercalation structure and spatial dispersion of clay layers in these two kinds of RCNs during vulcanization process was studied. We observed some unexpected phenomenon that might have provided us with a new idea to prepare well-dispersed rubber/clay nanocomposites. At the same time, the role of intercalants and the polarity of matrix rubber on microstructure evolution were discussed.
Experimental 2.1. Materials and basic formulation
Brominated isobutyl-isoprene rubber (BIIR, 2030) with the Br content of 2.0±0.3%, the unsaturation degree of ~1.95% and the Mooney viscosity (ML 125°C 1+8 ) of 32±4 was produced by Bayer, Germany. Ethylene propylene diene monomer rubber (EPDM, 4050) with ethylene content of 52%, ethylidene norbornene (ENB) content of 6.7 g/100 g, and the ML 100°C 1+4 of ~45 was provided by Jilin Petrochemical Company, China. The organically modified clay (OMC, I.30P) with an initial basal spacing of 2.36 nm was purchased from Nanocor, USA. Pristine sodium montmorillonite (Na-MMT) was supplied by Liufangzi Mining Co. Ltd, Siping City, Jilin Providence, China. Other materials and agents were commercial products. In order to obtain organic intercalant (i.e., octadecylamine, ODA) from the OMC (I.30P), some amounts of OMC were subjected to 48 h Soxhlet extraction at 95°C with anhydrous ethanol. The residual extraction solution of ethanol was evaporated at 100°C. The obtained substance was pestled and dried to obtain ODA. The formulations for rubber compounds used in this work are listed in Table 1 .
Preparation of samples
The rubber and OMC (or, Na-MMT and ODA) were first compounded uniformly on a two-roll mill (Zhanjiang Rubber and Plastic Machinery Factory, China) according to the formulation given in Table 1 , and the other agents were gradually mixed into the compound. Besides BIIRCN and EPDMCN, the neat BIIR and EPDM containing MMT or ODA compounds were also prepared according to the formulation given in Table 1 , in order to analyse the influence of OMC on vulcanization course of matrix. The rubber compounds were prepared by a 6 inch two-roll mill blending in the following addition order of the ingredients: the EPDM ! ZnO ! SA ! additive. In this study, we used OMC, MMT, and ODA as fillers for EPDM in the amounts of 10, 7, and 3 phr, respectively. The vulcanization curves of the rubber compounds at 150°C were examined by using a disc oscillating rheometer (P3555B2, Beijing Huanfeng Chemical Technology and Experimental Machine Plant, China). Figure 1 shows the curing curves of BIIRCN and EPDMCN at 150°C. The curing times for different curing stages, T i (i.e., T 10 , T 20 , … T 90 , T 100 ), E-MMT  BIIR  100  ----EPDM  -100  100  100  100  Organoclay (OMC)  10  10  ---ODA  ---3  -Na-MMT  ---- 3. Results and discussion 3.1. The evolution of intercalated structure of rubber/clay nanocomposites during curing process Wide-angle X-ray diffraction (WAXD) is a very useful tool for the study of polymer/clay nanocomposites. It can directly determine the intercalation of polymer molecules in the silicate gallery. been obtained by melt blending. BIIR is a polar rubber with a Br content of 1.8%, while EPDM is a non-polar rubber. According to the theory of polymer melt intercalation [19, 20] , the higher the polarity of the polymer the higher the interaction between the polymer molecules and clay layers, facilitating intercalation of polymer chains into inter space of the silicate.
In the wide-angle X-ray diffraction (WAXD) analysis, the gallery height of the clay is calculated by the Bragg equation, Equation (1):
where d is the interplanar spacing; 2! is the diffraction angle or Bragg angle; n is the order of the diffracted beam; and " is the wavelength of the radiation. Because of the lower order degree of OMC, the width of the basal diffraction peak (001) is relatively large and the high order diffraction peaks offset to a certain degree; and as a result the d values of the high order diffraction peaks and basal diffraction peak are just approximate multiples. For example, aside from the basal diffraction peak located at 3.90 nm, the reflection peaks at 1.93 and 1.28 nm with descending intensity were observed in the WAXD pattern of uncured BIIRCN, and these two reflection peaks have the relationship of approximate multiples with the main diffraction peak.
Therefore, we attribute these two diffraction peaks (i.e., (002) and (003)) to the high order diffraction peak of basal one (001). Similarly, other EPDMCN samples at different curing stages (T 10 , T 20 , etc.) also show such high order diffraction peaks. These results indicate that the intercalated structure of clay in the rubber matrix have relative high order degree. As the curing reaction proceeds, the basal diffraction (001) peaks for both of BIIRCN and EPDMCN undergo an obvious change. The interlayer spaces (D 001 ) corresponding to main diffraction peaks for cured BIIRCN and EPDMCN were significantly higher than those for uncured nanocomposites (i.e., T 0 samples), indicating further intercalation of rubber molecules during the curing process.
In previous reports [16] , it was speculated that the microstructure of RCN could change only during the initial period of the curing course, when the viscosity of the system is still relatively low. However, our results show that even beyond the curing stage of T 90 , the intercalated structure of clay still changes apparently with increasing curing time. At the curing time of T 90 , the vast majority of rubber chains have formed a three-dimensional network structure by chemical crosslinking, but the crosslinking density is not high, generally in the range of 10 -4 to 10 -5 mol/cm 3 . There are the segments of rubber chains having dozens of or even hundreds of repeating units between cross-linking sites, which still maintain a high mobility. The high temperature of the curing process further enhances the activity of the molecular segments. Consequently, significant changes in the intercalated structure of are still possible at the later stages of the curing course.
Aside from the (001) reflection peak, the higher order reflection peaks can be observed in the WAXD patterns of some BIIRCNs and EPDMCNs at different curing stages. The appearance of these high order diffraction peaks indicates that the intercalated structure of the clay could maintain relatively high order degree, though the interlayer space undergone large changes during the vulcanization course. In the WAXD patterns of some EPDMCNs at later curing stages of T 70 , T 80 and T 90 , except for the main diffraction peak at low angles, the small diffraction peaks at high angles, corresponding to ~1.30 nm were observed. They are not the higher order reflection peaks of the main diffraction peak because of the large deviations from integral multiples of the main diffraction peak. The interlayer space of ~1.30 nm is significantly smaller than the initial interlayer space (2.36 nm) of OMC (I.30P), but is close to that for inorganic clay. These results show that collapse of the intercalated structure also occurred during the curing process of EPDMCN [21] , even formed some inorganic clay.
To further study the changes in intercalated structure during the curing reaction, we plotted the variation of the relative D 001 values (normalized to the D 001 values for the uncured samples at T 0 ) of OMC with the curing stage, as shown in Figure 3 . For both BIIRCN and EPDMCN, the interlayer space of OMC changes significantly in the initial few seconds of the curing reaction, i.e., it increases first, reaches a maximum at a certain curing time, and then decreases. The basal interlayer spacing (D 001 ) gradually increases in BIIRCN, but decreases in EPDMCN during the latter period of the curing course. Previous studies showed that the vulcanization reaction can make rubber molecules intercalate into the silicate gallery, increasing the interlayer space [22] , but the vulcanization reaction can also facilitate the de-intercalation of intercalants, resulting in collapse of the intercalated structure-the reduction of interlayer space [21] . High pressure during the curing process would 'squeeze out' the rubber molecules that had been intercalated into the clay layers [23] , thus reducing the interlayer space. We believe that all these effects are present and compete with each other during the curing process, leading to the complex phenomenon of changes in intercalated structure with increasing curing time. Further studies are still needed to establish the specific mechanisms involved. Another noteworthy phenomenon is that the basal interlayer space (D 001 ) of the intercalated structure is 4.54 nm after vulcanization in the polar BIIR, significantly less than the corresponding value of 5.23 nm in the nonpolar EPDM. We can draw the conclusion that the change in D 001 value is much larger in the non-polar EPDM system than in the polar BIIR system. In the polar BIIR system, the change in D 001 value is less than 10%, while the increase in D 001 value is over 80% in the non-polar EPDM system.
Effects of OMC on the curing process
The influence of OMC on vulcanization reactions was believed to be an important factor affecting the microstructural change of RCNs during vulcanization. Most previous studies about the vulcanization kinetic of RCNs indicted that addition of OMC would considerably increase curing rate and crosslinking density of various rubber compounds, including NR [24, 25] , ENR [26] , BR [27, 28] , SBR [29] , EAR [30] , NBR [31] , and NBR/SBR blend [32] . On the other hand, some studies [12, 33] on EPDM/OMC systems shown that addition of OMC prolonged the optimum curing time and reduced the cross-linking density of the composites. As shown by above experimental results, the intercalated structure of clay in the EPDMCN had changed much more intensively than that in the BIIRCN during the curing process. In this work, therefore, the EPDM system was selected as an example to discuss the effect of OMC on curing process. The vulcanization curves presented in Figure 4 and the corresponding curing parameters given in Table 3 show the effect of the intercalant (i.e., ODA), pristine clay (i.e., Na-MMT) and OMC on the curing reaction of EPDM. Compared with the neat EPDM compound, addition of Na-MMT shortened the scorch time (T 10 ), but obviously reduced the CRI, indicating that Na-MMT could suppress curing reactions. On the other hand, the addition of ODA not only shortened the scorch time of EPDM by more than 60%, but also increased the curing rate by about 12%, suggesting that ODA could accelerate curing reactions. The OMC is comprised of Na-MMT and ODA, so that the effects of OMC on vulcanization kinetic should be the combination of the effects of ODA. As shown in Table 3 , EPDMCN exhibits reduced T 10 compared to net EPDM, and the middle value of CRI between those for E-ODA and E-MMT compounds. In addition, the CRI of EPDMCN is closer to that for E-MMT, and smaller than that of net EPDM. The inner part of the OMC interlayer is enriched with ODA molecules, which can promote the curing reaction. Therefore, the crosslinking rate of the rubber intercalated into the silicate gallery is expected to be obviously higher than that of the rubber outside the layers. For chemical equilibrium, a large number of rubber molecular chains outside the layers would be driven to further intercalate into the silicate gallery, participating in the crosslinking reaction in the interlayer of OMC and expanding the interlayer spacing of the OMC. It has been reported [21] that ODA can react with curing agents to form intermediate compounds. These compounds may migrate into the rubber matrix to take part in the vulcanization process, thus the intercalants would be extracted from the clay galleries, with a resultant confinement and even deintercalation. For the EPDMCN at later period of vulcanization course in this study, the similar phenomenon has also been observed (see Figure 2) . As shown in Figure 1 , EPDMCN has higher curing rate (i.e., smaller value of T 90 -T 10 ) and higher crosslinking density (i.e., higher value of M max -#M min ) than BIIRCN, though they have the same compound recipes (see Table 1 ), likely due to relatively high unsaturated degree of EPDM. Therefore, the cross-linking reactions in EPDMCN should be more intense than those in BIIRCN. Thus the driving force for further intercalation of rubber molecules into silicate gallery or the collapse of intercalated structure caused by de-adsorption of intercalant would be greater in EPDMCN. As a result, the interlayer spacing of intercalated silicate in EPDMCN changed with vulcanization course larger and more violently, also resulting in some collapsed structures. In our previous studies on IIRCNs [17] , we also found that when curing reaction is more severe by raising the curing temperature, more collapses structure would be generated in the cured nanocomposites.
3.3. The evolution of spatial dispersion of organically modified clay during the curing process Transmission electron microscopy (TEM) is an effective means to observe the morphology and spatial dispersion of nano-clay in rubber matrix. TEM images of BIIRCNs and EPDMCNs at the representative curing times of T 0 , T 10 , T 50 , and T 100 were displayed in Figure 5 and 6 to reflect the changes in spatial dispersion of clay in the matrix during the entire curing process. In these figures, the lighter phase and the darker lines or phase represent the rubber matrix and OMC, respectively. Figure 5 shows that the dispersion of clay is uniform in BIIR-T 0 (uncured BIIRCN). BIIR-T 0 contains the least amount of clay aggregates, and the size of the aggregates was the smallest (about 20 nm in thickness and 500 nm in length). The amount of clay aggregates increases significantly in BIIR-T 10 .
The dispersion state of the clay deteriorates with increasing curing time. The amount and size of clay aggregates continue to increase in BIIR-T 50 and BIIR-T 100 , with local appearances of micron-level aggregates.
In the curing process of EPDMCN, the evolution of clay dispersion is slightly different from that of BIIRCN. As shown in Figure 6 , the clay exists in the form of granules, and large aggregates appear in EPDM-T 0 (uncured EPDMCN). The dispersion state of clay improved markedly in EPDM-T 10 . The clay exists largely as fine filaments 10 nm in thickness and 160 nm in length. After T 10 , the dispersion state deteriorates gradually. Flocculating aggregates are formed by a large number of crystal lamellas in EPDM-T 50 , and the dispersion becomes non-uniform. In EPDM-T 100 , the dispersion degree of clay continues to decrease, with the appearance of large flocculating clay aggregates. Our previous study on IIRCN [16] revealed that the effect of high pressure on microstructure exhibit time dependence-subjecting to high pressure for short time would not cause obvious change in the microstructure of the nanocomposite. The result shown in Figure 6 suggests that such time dependence for high pressure effect also exists in EPDMCN. As a result, in the initial stage of vulcanization (i.e., before T 10 ), curing reaction plays a major role on dispersion state of clay, which can drive rubber molecules further intercalate into the silicate gallery and improve the spatial dispersion of clay. On the other hand, with the time for subjecting to high pressure increasing (i.e., in the later stage of vulcanization), the effect of high pressure becomes more and more considerable, generating large flocculates of intercalated silicate, though the interlayer spacing of which is larger than that in uncured nanocomposite.
In comparison of TEM morphology between BIIRCN and EPDMCN ( Figure 5 and 6 ), the spatial dispersion of OMC in EPDMCN is clearly inferior to that in BIIRCN. WAXD results (Figure 2) show the interlayer space of the intercalated structure in cured EPDMCN is obviously larger than that in cured BIIRCN. These results suggested that the intercalated clay with the larger interlayer space does not necessarily result in the better spatial dispersion.
3.4.
Impact of the polarity of rubber on the microstructure of rubber/clay nanocomposite The above results demonstrate that the RCNs with different polarity show different change trends in both the intercalated structure and spatial dispersion of clay during the vulcanization process. The interlayer space of BIIR-T 0 is larger than that of EPDM-T 0 , while the interlayer space of cured EPDMCN is larger than that of cured BIIRCN and more variable during the curing process. The spatial dispersion of the OMC is obviously better in the polar BIIR than in the non-polar EPDM. The spatial dispersion dete- riorates continuously with curing time in BIIRCN, while it improves from T 0 to T 10 before worsening with further increasing in curing time in EPDMCN. The vulcanization curves of BIIRCN and EPDMCN given in Figure 1 reveal that the torque difference (i.e., M max -#M min ) of EPDMCN is significantly higher than that of BIIRCN, and the optimum curing time (i.e., T 90 ) of the EPDMCN is significantly shorter than that of the BIIRCN, indicating that both the crosslink density of the cured EPDM and its curing rate are much larger than those for the BIIRCN. If only the factor of the mobility of dispersed clay layers in RCNs during vulcanization process were considered, the microstructural changes for EPDMCN would be smaller than those BIIRCN. However, the experimental results show that the opposite fact is true, suggesting that the polarity of matrix rubber might be a more significant factor on the microstructural change than other factors. Using the polarity of rubber as the starting point, we present a preliminary explanation of the phenomena disclosed in this study on base of the kinetics and thermodynamics of the intercalation of polymer chain into layered silicate. According to the theory on melt polymer intercalation [19, 20] , the polymer molecules with high polarity have strong interaction with the clay, and this strong interaction can offset some of the entropy decrease caused by confinement of intercalated polymer chains. From the point of view of thermodynamics, the intercalation of polymer with high polarity easily results in the intercalated structure with a larger gallery height. The intercalation of polymer molecules into the silicate gallery is a continuous process of destruction and reconstruction of the interaction between the molecules and the clay. The polar rubber macromolecules have stronger interaction with OMC than non-polar macromolecules, and this stronger interaction is more difficult to be destroyed. From the point of view of kinetics, therefore, the energy barrier against intercalation for polar rubber is higher than that for nonpolar rubber. In the process of mechanical blending rubber with OMC, the strong external shear force can destroy the energy barrier for intercalation, thus facilitating the intercalation process. At this time, the thermodynamic factor should play dominant role in determining the intercalation structure. As a result, the intercalated structure in BIIRCN mixing compound exhibits larger interlayer spacing than that in EPDMCN mixing compound. Accordingly, the spatial dispersion state of OMC in BIIRCN mixing compound is much better than that in EPDMCN. On the contrary, different from the process of mechanical mixing, there is a lack of external strong shear force during the vulcanization process to overcome the energy barrier against intercalation, so kinetics factors play a greater role in further intercalation. EPDM rubber molecules have lower intermolecular forces with clay than BIIR molecules, so the energy barrier for the destruction of the original structure to form the new intercalated structure is smaller for EPDM system than in BIIR system, resulting in a larger interlayer spacing of the intercalated structure in cured EPDMCN than in cured BIIRCN. Accordingly, the change in spatial dispersion state of OMC during vulcanization process in EPDMCN is more intensively than that in BIIRCN.
Conclusions
(a) The intercalated structure of clay continuously changed throughout the curing process, and such micro-structural changes could occur even after the curing time had reached T 90 . The intercalants ODA of organoclay could shorten the scorch time, and increase the curing rate, so the impact of intercalants on vulcanization kinetic was considered to be primary cause for the evolution of intercalated structure. (b) Of the two uncured RCNs, uncured BIIRCN has a larger interlayer spacing of the intercalated structure than uncured EPDMC. However, the opposite is true in the cured RCNs. The change in intercalated structure during vulcanization is larger in EPDMCN than in BIIRCN. The spatial dispersion of clay in BIIR, a polar rubber, is superior to that in EPDM, a non-polar rubber. During the vulcanization process, the spatial dispersion state of clay in BIIRCN gradually deteriorates. In the case of EPDMCN, the spatial dispersion of clay increased from T 0 to T 10 , followed by gradual deterioration with curing time. (c) For BIIRCN and EPDMCN, sulfur-curing reactions can cause further intercalation and increase the interlayer space, but also possibly result in collapse of intercalated structure. High pressure has negative effects on the dispersion of clay. These factors coexist and compete with each other during vulcanization course, leading to complex microstructural evolution behavior. The difference in microstructural evolution during vulcanization between BIIRCN and EPDMCN is interpreted from the viewpoints of thermodynamics and kinetics, and the polarity of the rubber matrix is expected to play a major role.
(d) This work shows that the dispersion state of rubber/clay nanocomposites obtained by the current conventional vulcanization process is not the best. For instance, the dispersion state of clay in EPDMCN is the best at a certain intermediate stage of the curing process, showing the potential for improving the clay dispersion through the optimization of curing parameters. Our previous work [23] has demonstrated that the curing under low pressure can obtain RCN with better dispersion. However, high pressure is necessary for many rubber products in order to adequately fill the mould with complex shape, improve product compactness, and reduce defects. We suggested that performing vulcanization of RCNs under altered pressure, that is using high pressure at the beginning stage but reducing pressure at latter stage, may obtain the RCN with good dispersion, the work on which is still ongoing.
